When considering the variety of questions that can be used to measure students' learning, instructors may choose to use multiple-choice questions, which are easier to score than responses to open-ended questions. However, by design, analyses of multiple-choice responses cannot describe all of students' understanding. One method that can be used to learn more about students' learning is the analysis of the open-ended responses students' provide when explaining their multiple-choice response. In this study, we examined the extent to which introductory astronomy students' performance on multiple-choice questions was comparable to their ability to provide evidence when asked to respond to an open-ended question. We quantified students' open-ended responses by developing rubrics that allowed us to score the amount of relevant evidence students' provided. A minimum rubric score was determined for each question based on two astronomy educators perception of the minimum amount of evidence needed to substantiate a scientifically accurate multiple-choice response. The percentage of students meeting both criteria of (1) attaining the minimum rubric score and (2) selecting the correct multiple-choice response was examined at three different phases of instruction: directly before lab instruction, directly after lab instruction, and at the end of the semester. Results suggested that a greater proportion of students were able to choose the correct multiple-choice response than were able to provide responses that attained the minimum rubric score at both the post-lab and post-instruction phases.
I. INTRODUCTION A. Background and motivation
When instructors seek to assess their students' knowledge, a variety of methods may be employed including multiple-choice questions, open-ended questions, projects, written reports, and presentations. Each of these methods has the potential to reveal components of students' abilities and discipline-based knowledge. Multiple-choice questions are commonly used because they allow instructors to quickly quantify varying degrees of knowledge in their classroom and determine what students did or did not gain from instruction. Despite the ease with which multiplechoice questions can be analyzed, the practice of depending on such questions to provide the only evidence regarding students' understanding warrants special attention and consideration for the science education community. Students' abilities to perform well on different types of questions such as those that ask them to support or dispute a claim using relevant evidence may be missed if multiplechoice questions are used as our sole or primary indicator.
Our study seeks to compare introductory astronomy students' performance on related multiple-choice and openended questions. Several studies have shown that students' abilities to perform well on multiple-choice questions have no significant relationship with their ability to perform well on essay tests [1] [2] [3] . Furthermore, in the discipline of astronomy education research, two studies revealed that when students were asked to provide explanations of the reasoning behind their multiple-choice responses, the majority of students provided insufficient evidence to match their correct multiple-choice response before and after instructional interventions [4, 5] . A similar science education study comparing responses by Lee, Liu, and Linn showed that results from open-ended responses were more useful in determining the range and impact of an instructional intervention [6] . In our study, we used similar methods of comparing multiple-choice and open-ended responses as these studies. We focused on the content area of celestial motions, investigating both similar and different concepts than those previously studied [4] . Unlike any of the other studies mentioned here, we also measured student performance at the end of the semester, in addition to before and after instruction. Comparing students' multiple-choice and open-ended responses at the end of the semester, after an extended period of time had passed since instruction, allowed us to examine whether students retained or changed in their abilities to perform on each type of question.
In this study, we investigated the extent to which students could provide a minimal amount of evidence to warrant their scientifically accurate multiple-choice responses. To do this we quantified students' open-ended responses based on rubrics we developed. A minimum rubric score was determined for each question based on two astronomy educators perception of the minimal evidence needed to substantiate a scientifically accurate multiple-choice response. A comparison of the percentages of students both attaining the minimum rubric score and choosing the correct multiple-choice answer was performed at three different phases of instruction (PRE-LAB, POST-LAB, and POST-COURSE). Analysis of the results provides evidence that introductory astronomy laboratory students' ability to provide a correct multiple-choice response may overestimate their ability to provide minimal evidence for their response.
The assessments and rubrics used for analysis are provided for instructors and researchers interested in either using our rubrics for classroom or research analysis or as an aid to developing their own rubrics for open-ended response analysis.
B. Participant population
The students participating in this study were mostly nonscience majors at a large urban four-year university attempting to satisfy a general education laboratory requirement. They were enrolled in one of M. W.'s two introductory astronomy laboratory sections during the Fall 2008 semester. A demographic survey was used during the first week of classes to identify the age, ethnicity, and experience of the students participating in the study. The following statistics are the results of the returned demographics survey (N ¼ 34), which was optional for students participating in the study: regarding gender, there were 19 males (56%) and 15 females (44%). The majority of the students (82%) were in the age range of 18-22 years. A question about ethnicities revealed a study population of White and Non-Latino (43%), Asian, Pacific Islander, or Filipino (27%), Latino, Chicano, or Mexican American (19%), African American (3%), with the remaining undeclared. Out of the four class standings (freshman, sophomore, junior, senior), most were sophomores (47%) with an almost equal spread across the other class standings. Almost half of the students (44%) were currently enrolled in the lecture counterpart to the course, while one-third (33%) had taken the lecture course the prior year. When asked about students' prior experience in astronomy, a small portion of students reported taking part in prior astronomy related activities (less than 20%).
C. Course description
The introductory astronomy laboratory that was the focus of this study has been taught to nonscience majors for over two decades. The course description for the laboratory is "Fundamentals of astronomical observation, including optics and spectroscopy. Planetarium exploration of stars, Sun, and Moon. Opportunity for telescopic observation." Students enrolled in the astronomy lab must have taken either the introductory astronomy lecture course offered by the same university or an equivalent at another university or be concurrently enrolled in the lecture course. The laboratory is taught once a week and is two hours and forty-five minutes in duration. Typical enrollment is 30 students. University physics and astronomy graduate students with an interest in astronomy are the usual instructors for the course.
Data presented here were collected in the context of a new astronomy laboratory curriculum based on the 5E model (engage, explore, explain, elaborate, and evaluate) of conceptual change [7, 8] . The questions that drive each stage of the 5E model and example activities for one of the labs are presented in Appendix A. To begin designing the curriculum we used the educational theory of backward designdesigning the learning objectives and assessments before designing the curriculum [9] . Considering the laboratory course description, two overarching lab objectives were established to address the teaching of celestial motions: Students will be able to (1) find and describe the location of celestial objects using compass direction, altitude, angles between stars, and magnitude and (2) predict the apparent motions of the Sun, Moon, and stars from different positions on Earth. These overarching objectives were broken into smaller learning objectives for five labs. The learning objectives per lab may be found in Appendix B.
II. ASSESSMENT DESIGN AND ADMINISTRATION
A. Nature of the assessments Assessments were chosen or developed with the goal of detecting a deep level of conceptual understanding. Each assessment consisted of a multiple-choice question followed by an open-ended question which asked students to explain in detail the reasoning for their response to the multiple-choice question. Students answered both questions at the same time on each of the assessments. Whenever possible, we used published questions from the Astronomy Diagnostics Test [10] , Paul Green's Peer Instruction for Astronomy [11] , and the Center for Astronomy Education assessment question bank. For those concepts which there were no published assessments, we collaborated to design questions and piloted the questions in the classroom in an effort to establish construct validity. One style of question we developed, not found in literature, made use of a challenge statement, written in everyday language, which conveyed a truism, misconception, or conceptually rich context. The statement was followed by a Likert scale (strongly disagree, disagree, agree, strongly agree, and don't know) upon which students were asked to rate their level of agreement. This style of question is referred to as a Challenge Statement.
B. Assessment administration timeline
For each laboratory, approximately three contentoriented assessments were asked to gauge student understanding: a total of 15 content-related assessments were asked over the course of the 5 laboratories. Assessments containing challenge statements were typically asked first so that students would be challenged to reflect on their general knowledge and apply it before being asked about more specific understanding, usually evoked by the assessments containing conceptually rich multiple-choice questions.
Each of the five laboratories used in this study, laboratories 1-5, took approximately two laboratory sessions. The PRE-LAB assessments for Lab 1 were given before Lab 1, and the POST-LAB assessments for Lab 1, which were the same questions as the PRE-LAB assessments, were given directly after Lab 1 instruction. Students were not handed back their responses to the PRE-LAB assessments until after the POST-LAB assessments had taken place. When being graded for credit in the course, PRE-LAB assessments were scored based on the amount of thought provided, not accuracy. POST-LAB assessments were scored on a scale of 0 to 3: A person attaining a 3 provided a scientifically accurate response. Correct responses were never marked on graded work, nor mentioned in class unless students' asked for clarification.
The same assessment strategy was used for labs 2-5. The remainder of the astronomy laboratory instruction was based on curriculum historically used and took approximately four additional weeks. The final exam (POST-COURSE) included all the same assessments that were given as PRE-LAB and POST-LAB assessments from laboratories 1-5 combined. Table I illustrates the duration of each laboratory module and when the PRE-LAB, POST-LAB, and POST-COURSE assessments were administered.
C. Method of choosing assessments for analysis
Of the original 15 content-oriented assessments, 7 were chosen for analysis and are presented in the Appendices C-I. The 8 assessments not chosen for analysis were eliminated for one of the two following reasons:
(1) Despite having five minutes to respond to each assessment, the study population as a whole did not write enough for useful analysis. (2) Wording in the question was confusing to a substantial portion of students' such that analysis would not produce meaningful results. The learning objectives addressed in the 7 assessments are presented here:
(i) Given the position of Polaris, predicts which stars rise and set. Predicts how stars move with respect to Polaris over the course of 24 hours. (ii) Predicts changes in the Sun's maximum altitude over the course of a year (iii) Explains how the visible portion of the celestial sphere changes depending on latitude (iv) Conceptualizes the role of the Earth's orbit in creating changes in view (v) Predicts daily and monthly changes of the Sun's location along the ecliptic using the Zodiacal constellations as a reference (vi) Explains why we see the Moon go through phases (vii) Given a Moon phase, predicts the phase of the Moon a given number of days later or earlier Of the 7 assessments used in this research, two are in the form of Challenge Statements and five contain conceptually rich multiple-choice questions, four of which were adapted from published literature. The responses to these assessments comprise the data for the analyses presented in this paper.
III. ANALYSIS OF STUDENTS' MULTIPLE-CHOICE AND OPEN-ENDED RESPONSES

A. Analysis of multiple-choice responses
To assess conceptual change in students based on their multiple-choice responses, students were categorized according to whether they choose the correct response or not at each phase of instruction for each assessment. The McNemar Test for Significance of Changes was used to Percentage of students meeting the minimum criteria (a) PRE-LAB, (b) POST-LAB, and (c) POST-COURSE. We denote when students choosing the correct multiple-choice response are statistically related to the students attaining the minimum rubric score with a dagger.
assess whether there was a statistical difference between students who chose the correct multiple-choice responses PRE-LAB compared to POST-LAB, as well as PRE-LAB compared to POST-COURSE. The null hypothesis of the McNemar Test is that students' ability to choose a correct multiple-choice response will not change as a result of instruction. Therefore, attaining statistical significance (p < 0.05) indicates that the observed changes due to instruction differed significantly from those changes expected under the null hypothesis by more than could be attributed to chance.
B. Analysis of open-ended responses
Similar to analyses used by Hudgins et al. and Wallace, Prather, and Duncan, rubrics were used to analyze students' written responses to the open-ended assessment prompts [4, 5] . For each assessment, we developed conceptual categories of ideas that would be expected in a scientifically accurate response to the assessment. If students included ideas from one of these categories in their response, they received a point for that conceptual category in the rubric. Therefore, rubrics allowed us to represent students' responses as a numeric score. In general, rubrics were designed for two purposes: (1) to capture the range of ideas and concepts offered in students' responses, and (2) to estimate students' abilities to offer multiple lines of reasoning that demonstrated understanding of the concept.
To quantify conceptual change based on the open-ended responses using the rubric scores, a minimum rubric score was determined for each assessment. The minimum rubric score represented the number of rubric categories a student would need to include in their response for it to be considered representative of a minimal understanding of the concept. The value of the minimum rubric score was discussed and agreed upon for each rubric by two researchers with astronomy backgrounds. We note that a student could therefore represent correct ideas in their response and still not attain the minimum rubric score.
Rubrics and the minimum rubric score for each assessment are provided in the Appendices beneath their respective assessment.
To attain interrater reliability, 10% of students' responses were randomly selected from the pool of PRE-LAB, POST-LAB, and POST-COURSE responses for each of the assessments. Two of us then used the rubrics to independently score each student response. An overall Cohen's kappa coefficient of 0.75 or higher was obtained for 15 out of the 25 possible rubric categories. For the 10 categories that attained a lower Cohen's Kappa coefficient than 0.75, we discussed discrepancies in their ratings and refined the rubrics accordingly. M. W. then proceeded to score the entirety of the student responses based on the refined rubrics.
As with the analysis of students' multiple-choice responses, students were categorized as to whether or Ability to predict the phase of the Moon in two weeks given the current time and its current position on the observer's horizon
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C. Statistical analyses performed to compare multiple-choice and open-ended responses
The percentage of students correctly responding to the multiple-choice question on an assessment was plotted and compared to the percentage of students attaining the minimum rubric score from their open-ended response on the same assessment. A chi-square test for independence was used to determine whether an individual student's ability to correctly respond to a multiple-choice question was related to their ability to attain a minimum rubric score for each assessment at each phase of assessment. The null hypothesis of the chi-square test for independence is that a student's ability to correctly respond to a multiple-choice question is independent of their ability to attain a minimum rubric score on the same assessment. Therefore, if a significance value of p < 0.05 was attained, the null hypothesis was rejected: a student's ability to correctly respond to the multiple-choice question was statistically related to their ability to attain the minimum rubric score. This test was performed for each of the seven assessments at each phase of instruction (PRE-LAB, POST-LAB, and POST-COURSE). A post hoc power analysis was conducted with the program G* POWER 3 to determine the power associated with each chi-square test for independence performed at each phase of every assessment [12] . Power indicates the probability that the null hypothesis is correctly rejected in order to avoid false positive results. Power analysis for the chi-square test for independence is dependent on the sample size, the significance level (α ¼ 0.05), and the effect size. The effect size was calculated using the following:
Students who both chose the correct multiple-choice response and attained a minimum rubric score for their response to each assessment are referred to in the analysis as having "met both minimum criteria."
IV. RESULTS OF ASSESSMENT ANALYSIS A. Combined assessments results
We begin our presentation of results by examining any overarching trends in students' ability to choose correct 
Minimum criteria met Example open-ended responses
Correct multiple-choice and minimum rubric score
Stars that are at a greater distance from Polaris than Polaris is from the horizon will dip below the horizon. The two stars closer to Polaris will be circumpolar stars. The Earth's rotation on its axis creates the illusion that celestial bodies are making a circle around us, while Polaris barely moves because it is very near the celestial pole. As the 3 more distant stars circle Polaris, their paths will carry them below the horizon. Student J, POST-COURSE Correct multiple-choice response only
The distance between Polaris and the outermost three stars exceeds the distance between Polaris and the horizon, so they will rotate to a point below the horizon, for each of the three. Student N, POST-LAB The three stars that are the farthest away from Polaris will at some time over the next 24 hours will dip below the Horizon. For them to make a complete rotation around Polaris they have to go below the horizon. Student HH, POST-LAB multiple-choice responses and attain a minimum rubric score. Figure 1 is a graphical representation of the percentages of students who have met either of the minimum criteria at each phase of assessment. We have designated when a statistical relationship exists between a student's ability to meet both of the minimum criteria with a dagger. The trend that students were more proficient in choosing correct multiple-choice responses than providing minimum evidence to support their response at all phases of instruction is apparent in this figure.
The percentages of students meeting each of the minimum criteria for each assessment are provided in numerical form in Table II . The statistical significance of the changes in the proportion of students able to meet either of the minimum criteria from PRE-LAB to POST-LAB and PRE-LAB to POST-COURSE are labeled in the respective POST phase percentage with an asterisk. For instance, for the assessment gauging students' "Ability to predict the number of stars that go below the horizon when given the position of Polaris," the change in students' ability to choose a correct multiple-choice response from PRE-LAB to POST-LAB and PRE-LAB to POST-COURSE are both statistically significant. Upon examining this Table, there is a trend that suggests that students improve in their performance on both minimum criteria from before to after instruction. However, when comparing the results from one assessment to another, there is no apparent trend in the extent to which students improved on their multiple-choice response performance compared to their open-ended response performance. Therefore, we find it constructive to examine students' responses to each question, individually.
B. Individual assessment results
To compare students' multiple-choice responses with their ability to provide minimal reasoning on each assessment, we plotted the percentage of students attaining each of the minimum criteria PRE-LAB, POST-LAB, and POST-COURSE in two forms side by side: (1) the percentage of those who chose the correct multiple-choice response and (2) the percentage of those who obtained a minimum rubric score. When there is a relationship between a student's ability to meet both the minimum criteria, we have denoted a dagger by that phase of assessment.
We present the results of the analysis of each of the seven assessments in the same order that they are presented in Fig. 1 My shadow will be longer and pointing toward the north because at this time of year, our days get shorter and the sun begins to rise slightly lower. This causes us to receive sunlight at an angle, which upon contact creates a longer shadow. The shadow will be pointing north because the sun, from our location, will be at its highest point at noon in the southern sky. This is also after the summer solstice. Student LL, POST-LAB Because as the Sun is going south toward the winter solstice. And from this duration the Sun's light is deepening. So our shadows will be longer coming from the direction south pointing toward the north. Student B, POST-COURSE analysis, we provide example responses given by students to familiarize the reader with the type of evidence that students needed to provide to attain the minimum rubric score.
1. Students' ability to predict the number of stars that go below the horizon when given the position of Polaris Figure 2 shows the distributions of the percentage of students meeting each of the minimum criteria when asked to predict the number of stars that go below the horizon when given the position of Polaris ( Fig. 2 ; see Appendix C). These distributions reveal a pattern one might expect to see when students learn as a result of instruction: the growth in the number of students able to choose the correct multiple-choice response and correctly reason about their response increases after instruction and then again by the end of the semester. Statistical analysis revealed a relationship between a student's ability to meet both the minimum criteria PRE-LAB (χ 2 ¼ 18.1) at a power of 0.98. However, there was not enough evidence to support a relationship between a student's ability to meet both the minimum criteria at the POST-LAB and POST-COURSE phases of instruction. We discuss this phenomenon further in the Study Limitations portion of the Discussion section. Table III conveys the example open-ended responses that students gave when asked to explain their reasoning regarding their multiple-choice response in this assessment (see Appendix C). The responses are divided based on 
Minimum criteria met Example open-ended responses
Correct multiple-choice and minimum rubric score I say this because at the north pole, all the stars are circumpolar, which would mean that we'd never see a different pattern of stars. At a latitude as low as ours, we are able to see quite an array of stars, stars that come from 52 degrees south even. We do see some circumpolar stars, but many are rise and set stars. Now, at the equator, ALL of the stars are rise and set stars. There are no circumpolar stars, so we never see the same stars year round. We can see stars that come from the south at certain times of the year, as well as stars that come from the north. We would be able to see a great variety of stars, never having to see the same pattern over and over again through the year. Student E, POST-COURSE Correct multiple-choice response only
To see greatest number of stars throughout the period of one year would be the Equator, because of the tilt the Equator is more capable of seeing a variety of stars. The North Pole is restricted to seeing the same stars that are mostly circumpolar, so that can't be the answer. SF is located more North and is still limited to a certain amount of stars so that can't be the answer. And D is definitely not the answer because all locations on Earth do NOT see the same number of stars like I explained about the North Pole and its circumpolar stars. So the Equator is the best answer. The equator is at the center. Student M, POST-COURSE I have a hard time justifying an answer because every location will have a similar amount of stars in the ½ of the celstial sphere they can view. Only some locations have more variety due to the Earth's tilt. A location near the equator will be able to see stars from both the northern and southern hemisphere, but a location like that with the latitude of San Francisco will always have ½ the celestial sphere that includes a north star. Its hard to say if one place has more stars or not, but I guess going with variety which makes sense as having seen more stars would have to be near the equator. Student I, POST-COURSE whether or not the student chose the correct multiple-choice response for the same assessment.
2. Students' ability to identify how the direction and length of their shadow change over a given time period When asked to identify the length and direction of their shadow over a given time period, a similar trend is seen in the distribution of responses of students meeting the minimum criteria that were discussed in the previous assessment: there is an upward trend from PRE-LAB to POST-LAB and then POST-LAB to POST-COURSE (Fig. 3) . Also, PRE-LAB, there was a relationship between a student's ability to meet both the minimum criteria (χ 2 ¼ 12.4) at a statistical power of 0.94. Table IV conveys the open-ended responses that students gave to this assessment (see Appendix D). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment.
3. Students' ability to identify the portion of the celestial sphere that is visible from various locations on Earth
For the next set of distributions for the assessment regarding the portion of the celestial sphere that is visible from various locations on Earth, at every phase of assessment, less than 20% of the class attained a minimum rubric score while the majority of the class chose the correct multiple-choice response (Fig. 4) . Also, while there is an increase in the number of students achieving a minimum rubric score from PRE-LAB to POST-LAB, there is no such increase seen for the number of students choosing the correct multiple-choice from PRE-LAB to POST-LAB. Table V conveys example open-ended responses that students gave to this assessment (see Appendix E). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment. 
Minimum criteria met
Example open-ended responses Correct multiple-choice and minimum rubric score
As the Earth rotates the Sun we see different parts of the sky. In 6 months we will be on the opposite side of the sun then we are now so we will see a completely different night sky. [has drawn two earths on opposite sides of an orbit around the Sun with the night sides of earth shaded and words on either side saying "We can see all this sky at night" and "we will be able to see this sky in six months" on the part of the sky that the night sides of the earth are facing] Student HH, POST-LAB Correct multiple-choice response only I believe it is impossible for us to see the same pattern of stars. Because the stars aren't always the same the earth is continually rotating and different stars or constellations appear as time goes by. In my illustration I am trying to show that each as the world rotates the world see something slightly different. Student EE, POST-COURSE I disagree because as Earth rotates around the Sun, the Sun would be blocking certain stars that we cannot see in given months. The pattern of stars six months from now would be different due to the fact that it would be summer. Student CC, POST-COURSE As the Earth rotates 1 degree per day over a 365 day period, the pattern of stars visible in August, for example, will change nearly every month and thus, in 6 months, a different pattern will be visible-Hence 12 constellations being visible through the year, approximately 1 per month. Student MM, POST-LAB 4. Students' ability to provide a description of how and why the night sky changes over the course of sixth months
In the next set of distributions for the assessment regarding how the night sky changes over the course of six months, the percentage of students choosing correct multiple-choice responses are almost twice as high, or more than the number of students receiving a minimum rubric score at each phase (Fig. 5) . Especially noteworthy is the discrepancy between the percentage of students choosing the correct multiple-choice response PRE-LAB compared to the percentage of students who can provide minimal lines of reasoning to their response PRE-LAB. Table VI conveys example open-ended responses that students gave to this assessment (see Appendix F). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment.
5. Students' ability to describe understanding of the Sun's daily motion versus annual motion
For the assessment about the Sun's apparent motion with respect to the stars over the course of a day, the pattern seen in the percentage of students attaining either of the minimum criteria is representative of the same pattern witnessed in the first two assessments: a general increase from PRE-LAB to POST-LAB and again from POST-LAB to POST-COURSE (Fig. 6 ). However, one might note that there is a large discrepancy between the percentage of students choosing a multiple-choice response and attaining a minimum rubric score POST-LAB. Unique to all other patterns of student responses in this study, there was a relationship between a student's ability to meet both the minimum criteria at both the PRE-LAB (χ 2 ¼ 13.4) and POST-COURSE (χ 2 ¼ 4.9) phases of instruction, at a statistical power of 0.95 and 0.6, respectively. This relationship indicates that students have the potential to improve in their ability to provide minimal lines of evidence regarding 
Minimum criteria met Example open-ended responses
The Sun would be in front of the same constellation. The daytime doesn't make that much of a difference. The sun stays in front of the specific constellation for up to more than a month. The stars rise and set, as the Sun does. Only our orbiting the Sun makes a difference on which stars we can see. In order to look at different stars we have to wait for at least a couple of days. Both Sun and stars appear to rise in the east & set in the west. Student D, POST-LAB Correct multiple-choice response only
The sun would still be in front of Gemini because the zodiac constellation and sun follow the same path called the ecliptic. The sun right now is at noon so in 6 hours the sun is going to be at the horizon. The constellation would be moving as well. Gemini, 6 hours from 12 noon would also be at the horizon making Leo the highest in the sky at 6pm. This is because of the ecliptic plane. Student CC, POST-COURSE When the sun sets the sun will still be in front of the constellation of Gemini because the sun spends approximately one month in each constellation. It would appear as if the sun would set in the west, in front of Pisces, but that is not the case. Therefore, the Sun will still be in front of Gemini when it sets. Though the Sun is highest in the sky at noon, the Sun will still set in front of Gemini. Student H, POST-COURSE The Sun will only shift about 1 degree in relation to the stars behind it. It's the earth moving around the sun that will change the sun's positioning in our sky. So it will be in front of Gemini. Student G, POST-LAB their multiple-choice response considerably by the end of the semester. Table VII conveys example open-ended responses that students gave to this assessment (see Appendix G). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment.
6. Students' understanding of Moon phases as a result of Earth's perspective of the Moon's half-lit side Figure 7 depicts the distributions of students meeting either minimum criteria when asked about the cause of Moon phases. The ceiling effect represented in the multiple-choice distribution at the POST-LAB and POST-COURSE distribution is not seen in the minimum rubric score distribution, even though there is a large gain from PRE-LAB to POST-LAB in those meeting either criteria. Also noteworthy is that fewer students achieve a minimum rubric score POST-COURSE then do POST-LAB, perhaps indicating that students do not retain learned evidence to support their multiple-choice response. This is the fourth assessment we have discussed where there is a relationship between a student's ability to meet both the minimum criteria PRE-LAB (χ 2 ¼ 5.9). The post hoc power analysis revealed a power of 0.68 for this phase. Table VIII conveys example open-ended responses that students gave to this assessment (see Appendix H). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment.
7. Students' ability to predict the phase of the Moon in two weeks given the current time and its current position on the observer's horizon
The following set of distributions illustrating the percentage of students meeting either of the minimum criteria when asked to predict a future Moon phase from a given time and phase, very few students attained either minimum criterion at any phase (Fig. 8) . POST-LAB more students receive a minimum rubric score than do the number of students choosing the correct multiple-choice response. This happens in only one other instance (Fig. 2 , PRE-LAB). Table IX conveys example open-ended responses that students gave to this assessment (see Appendix I). The responses are divided based on whether or not the student chose the correct multiple-choice response for the same assessment. 
The reason Earth sees different phases of the moon is not because it blocks the sunlight itself, but because the moon always has ½ of its surface lit up, and according to Earth's position, we only see a section of this light ….the moon appear to go through phases. Moon always ½ light up. Only thing that changes is the Earth's perspective. Student C, POST-LAB Correct multiple-choice response only
The reason the moon has phases is because it is far away and above the earth enough that the earth does not block it but the sun light is actually hitting the moon. So when we see parts of the moon it's what the sun is illuminating to allow us to see the moon. Student B, POST-COURSE The moon has its phases because it is always half lit. The sun's light only hits half of the moon. The phases are seen from the Earth's perspective. It takes a month to complete a whole phase of new and back to the new phase. The moon has its phases from different locations on its path. As in the drawing you have the Moon's path, with it being half lit at all times. Student M, POST-COURSE
V. DISCUSSION
This study investigated whether or not introductory astronomy students could provide a sufficient amount of evidence in writing to support their correct multiple-choice responses on assessments that asked them to explain their reasoning for their multiple-choice response. We developed a minimum rubric score, unique to each assessment, to allow us to compare students' ability to provide minimal lines of reasoning to their ability to provide a correct multiple-choice response. This study is unique in that it examined students' abilities to meet both minimum criteria (choose the scientifically accurate multiple-choice response and attain the minimum rubric score) in conceptual areas of celestial motions not yet explored in the literature. Additionally, we compared students' abilities to meet either minimum criterion at three different phases of lab instruction: before instruction, directly after instruction, and at the end of the semester. This allowed us to see whether or not students' abilities were changed or retained several weeks after instruction ended. This study is pertinent to astronomy educators and science educators as results from multiple-choice questions are published far more than results from open-ended questions in introductory science courses. However, our findings extend prior research, as we will further detail in this section, that students' open-ended responses that serve as explanations for their multiple-choice responses are underdeveloped.
To begin our analysis, we will attempt to identify what we would have concluded about student learning had we only studied their responses to multiple-choice questions. Next we take this same approach, instead with respect to the analysis of students' open-ended responses alone.
We then describe what we learn when we consider the results from both students' multiple-choice response and open-ended responses.
A. Conclusions based on the analysis of multiple-choice responses
When considering the results of students' multiplechoice responses alone, we might infer that students had a desired degree of understanding of the majority of the learning objectives by the time they finished the course. This is evidenced by the observation that at least 80% of students chose the correct multiple-choice response on 6 out of 7 assessments. Additionally, not only did the percentage of students correctly responding to each assessment improve from before instruction to the end of the semester, but for 4 out of 7 assessments, there was at least a 
Minimum criteria met Example open-ended responses
The lunar phase in two weeks would be 180 degrees around its revolution. The initial position would be there because in roughly 3 hours the sun will be visible. The lunar cycle is one month (one full revolution) and two weeks would be on the opposite side of the Earth from its initial position. It would be a waxing gibbous because it is the phase after the new moon. [student's drawing correctly shows moon at 'today's' position with respect to the earth and Sun and the waxing gibbous position of the moon] Student P, POST-COURSE Correct multiple-choice response only
In two weeks the moon will be a waning gibbous. Because two weeks ago it was a waxing gibbous. So two weeks from then the moon will be a waning gibbous where more than half the moon illuminated. Student H, POST-LAB The Moon will be a waxing gibbous in two weeks because it will be half way around its circle around earth, put it at waxing gibbous. Student II, POST-COURSE 50% gain in the percentage of students correctly responding to the questions by the end of the semester. Another conclusion that may be drawn is that when instruction provided a significant increase in knowledge, this knowledge was retained. For example, for all three assessments where statistically significant changes occurred in the percentage of students offering correct responses before instruction to after instruction (PRE-LAB to POST-LAB), the change in the percentage of students choosing correct multiple-choice responses is also significant from before instruction to the end of the semester (PRE-LAB to POST-COURSE). Thus, it appears that students retained learned information when it was first unknown.
A final noteworthy trend in students' performance on multiple-choice questions is that for 6 out of 7 assessments, it appears that students either retained or deepened their knowledge from directly after instruction to the end of the semester (POST-LAB to POST-COURSE). While it is possible that this trend could relate to students responses being returned directly after the POST-LAB phase, correct responses were never marked on the graded work, nor mentioned in class unless students' asked for clarification.
Therefore, from students' multiple-choice responses alone, one might conclude that a majority of students positively increased in their understanding of the learning objectives and retained this understanding until the end of the semester.
B. Conclusions based on the analysis of open-ended responses
In this section, we discuss conclusions that could be made from the percentages of students' providing minimal evidence in their explanations of their multiple-choice response. In general, it would appear that there were only modest improvements in students' ability to provide a minimum amount of evidence in their explanations. For example, there is only one assessment for which the gain in the percentage of students providing minimum evidence was greater than 30%. Additionally, out of all of the assessments, the highest percentage of students providing explanations that met the minimum rubric score was 69%, and this occurred only at a POST-COURSE phase of instruction.
From students' open-ended responses, we might also conclude that it is difficult to teach students in such a way that they gain or retain their ability to articulate key lines of evidence to their responses. In particular, there were three assessments where the increase in the proportion of students attaining the minimum rubric score from before instruction to after instruction (PRE-LAB to POST-LAB) were statistically significant. On only one of these is the increase from before instruction to the end of the course (PRE-LAB to POST-COURSE) significant as well. Further, students' performance on the open-ended responses revealed no apparent trends from post instruction to the end of the course (POST-LAB to POST-COURSE): On 3 out of 7 assessments, the percentage of students attaining the minimum rubric score increased, on 3 out of 7 the percentage decreased, and for 1 out of 7, the percentage stayed the same. Therefore, it is not clear whether students retained or deepened their understanding of concepts by the end of the semester.
Thus, from students' open-ended responses alone, we might conclude that in general approximately one-quarter of students had a positive increase in their understanding of the learning objectives by the end of the lab, but that the learning was not demonstrably retained at the end of the semester.
C. Conclusions based on both multiple-choice and minimum rubric score analysis
To examine what we might conclude if we were using both students' multiple-choice responses and their openended responses as indicators of the depth of their knowledge, we return to Fig. 1 . Figure 1 illustrates that more students were able to choose a scientifically accurate multiple-choice response than were able to provide minimum evidence to support their response in 90% (19=21) of the phases assessed. In addition, the results depicted in Table II suggest that statistically significant changes in the proportion of students' multiple-choice responses from PRE-LAB to either the POST-LAB or POST-COURSE phases were not always mirrored by significant changes seen in their open-ended response counterparts.
We considered the possibility that the lowering of the minimum rubric score per assessment might have produced similar results in the open-ended responses to those seen in the multiple-choice responses. For example, if the minimum rubric score was decreased to one for any assessment, more students would attain the minimum rubric score and the percentage of students meeting each of the minimum criteria may appear more equally matched. However, decreasing the minimum rubric score would mean that students would not have to provide one or more strands of evidence that two astronomy educators agreed would be the absolute smallest amount of evidence needed to support a correct multiple-choice response.
D. Comparison to previous studies
Our study's results both support and extend findings by other studies that used different instructional inventions and assessments to measure and compare introductory astronomy students' conceptual knowledge on multiplechoice and open-ended responses.
One such study examined students' pre and post conceptions of cosmology concepts when a collection of lecture tutorials on cosmology that the researchers had developed were used as an instructional intervention [5] . Part of the analyses of the effectiveness of the tutorials compared students' open-ended responses defending their choice of a graph for the evidence of dark matter. C. W., E. P., and D. D. found that though a striking number of students were able to choose correct closed-ended responses after instruction, students did not provide in their explanations all the reasoning that would warrant a complete explanation. Additionally, it was discovered that with an increase in the complexity of the reasoning required to score highly on the open-ended questions, there was a decrease in the gains for open-ended performance. The researchers questioned whether students' minimal support to their open-ended responses was due to the fact that the students did not receive extra points toward their grade for providing robust responses. Our study, while assessing student understanding of different introductory astronomy concepts than the Wallace, Prather, and Duncan study, provides evidence that even when students receive grade points for providing complete responses, their ability to provide minimal evidence remains underdeveloped [5] .
Another related study took place in an introductory astronomy lecture course, where the effectiveness of the instructional intervention called the ranking task was assessed to evaluate the effectiveness on fostering conceptual change [4] . Ranking tasks are tasks where students must order a series of responses in a conceptually rich problem correctly, and provide narrations explaining their ordering. Conceptual change over eight introductory astronomy concepts by the ranking tasks were studied, three of which were relevant to this study: phases of the Moon, motion of the sky, and seasons. The study showed a significant increase in the percent of students answering correctly to conceptually challenging multiple-choice questions after completing the ranking tasks. A portion of students' narrations were analyzed and it was found that while ranking tasks increased the number of students including drawings in their responses as an aid to their explanation, many of these students were not able to provide depth in their explanations that would be characteristic of complete understanding of the concepts. While the Hudgins et al. study revealed this misalignment between students' performance on multiple-choice and open-ended responses, the present study provided more depth to this analysis by expanding the number of topics on celestial motions examined, using different types of assessments, and comparing responses at the end of the semester in addition to directly after instruction [4] .
E. Study limitations
Because of the small number of participants in this study, for the majority of the statistical analyses performed to assess whether there was a relationship between a student's ability to meet both the minimum criteria discussed in the Results, "II. Individual assessment results," there was not enough evidence to support the rejection of the null hypothesis. Considering the one-to-one relationship between p values and power-that a nonsignificant result is coincident with a low p value-it is not surprising that the power of these nonsignificant results were all less than 0.5 [13] . Therefore, if more students had been assessed, perhaps we would have found a relationship between a student's ability to meet both the minimum criteria in more of the comparisons than is currently described in this study. An a priori power analysis revealed that in order to detect a medium effect size of 0.3 at a power of 0.8 for any given phase of assessment, 88 matching pairs of students' multiple-choice and open-ended responses would be required. For the phases presented in Sec. II that were statistically significant, larger effect sizes (0.6 or greater) were detected, not requiring a greater sample size to determine statistical significance.
F. Conclusions
Multiple-choice questions are often used to gauge student learning in order to reduce the time that it would take to evaluate learning using other methods [1, 14, 15] . Such reasons are understandable, especially considering many introductory science courses serve as general education courses and yield high enrollment.
Our comparisons of students' performance on multiplechoice questions to their open-ended responses indicate that interpretations based on students' ability to choose correct multiple-choice responses may serve as an overestimation of their understanding and learning. Indeed, by design, students' responses to multiple-choice questions could not fully describe to us all of their knowledge. When asked to reason about their multiple-choice response, students do not generally provide minimal lines of evidence to support their correct response, perhaps because such open-ended questions rely on students' ability to transfer their thoughts into writing. This may indicate that students do not have a good understanding of the content or their own metacognition regarding the concepts, including why certain lines of evidence are important in supporting their response.
We also suggest that since there was a statistical relationship between a student's ability to both choose the correct multiple-choice responses and provide minimal lines of evidence to support their response before instruction, in general, open-ended responses are a good approximation for the amount of knowledge students hold at any phase of instruction. Based on the evidence presented, we suggest that students' open-ended responses serve as a better gauge of their learning than their multiple-choice responses, as open-ended responses do not appear to overestimate students' understanding in the same way that their multiple-choice responses may. However, because of the different insights multiple-choice and open-ended questions offer, we also suggest that neither measure alone is satisfactory for the evaluation of student learning. Furthermore, we suggest that if we care about our students' ability to explain their reasoning, it seems imperative that we carefully measure their ability to do so.
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APPENDIX A
In Appendix A, a table is presented demonstrating the 5E model phases with examples of questions guiding each phase. Example activities used for each phase during Lab 2 of the introductory astronomy laboratory curriculum described in this study are also presented for clarification. The instructor revealed pictures of star trails at different locations on Earth and asked students to explain why they think the trails look differently.
Explore
What activity can I give my students that will allow them to explore their thoughts and put together puzzle pieces that lead to a better picture of this concept?
The instructor asked students to explain differences in view while rotating in a chair, looking out versus looking straight above. Afterward, she asked students to compare these views to planetarium views of the stars apparent motion above the horizon from the North Pole and the Equator. Students were asked to describe characteristics of each and draw on plastic domes what they saw.
Explain
What do my students need to hear that will help them put together the pieces explored in the Engage and Explore portions of the lab? What language do they need to gain so that they can talk about this topic using the language of science?
The instructor completed this phase by making and describing a 2D representation of a celestial sphere on the board. She drew the horizon line of a person at each of the latitudes explored and labeled key components of the celestial sphere (i.e., zenith, north celestial pole, celestial equator). Elaborate What other activity(ies) can my students do that will allow them to explore this activity in a variety of contexts?
After helping students become comfortable with views of the apparent motions of stars from latitudes 0°and 90°, the instructor proposed views from the latitude of the home university as well as a southern latitude. Students were again asked to observe, discuss, and record characteristics seen from each latitude presented. Evaluate How can I evaluate if my students have reached the intended learning objectives?
Students' learning was evaluated through their ability to respond to 2-4 assessments.
APPENDIX D
In Appendix D, the assessment measuring students' ability to identify how the direction and length of their shadow change over a given time period is presented. The rubric used to analyze students' responses to the open-ended question on this assessment is also presented.
You observe your shadow at noon in the continental United States on the first day of October. Two weeks later your shadow will appear...
A. Shorter and will point toward the south. B. Shorter and will point toward the north. C. Longer and will point toward the south. D. Longer and will point toward the north.
Explain your reasoning… FIG. 10. Assessment used to measure students' ability to identify how the direction and length of their shadow change over a given time period. The distributions of students choosing the correct multiple-choice response and attaining the minimum rubric score can be found in Fig. 3 . This question was adapted from the Center for Astronomy Education exam bank. The higher the Sun is in the sky the shorter your shadow will be OR The lower the Sun is in the sky the longer your shadow will be Two weeks later from the time identified at noon, the Sun will be lower in the sky which causes a longer shadow
In Appendix E, the assessment measuring students' ability to identify the portion of the celestial sphere that is visible from various locations on Earth is presented. The rubric used to analyze students' responses to the open-ended question on this assessment is also presented.
APPENDIX F
In Appendix F, the assessment measuring students' ability to provide a description of how and why the night sky changes over the course of six months is presented. The rubric used to analyze students' responses to the open-ended question on this assessment is also presented. Explain your reasoning…   FIG. 11 . Assessment used to measure students' ability to identify the portion of the celestial sphere that is visible from various locations on Earth. The distributions of students choosing the correct multiple-choice response and attaining the minimum rubric score can be found in Fig. 4 . This question was adapted from Paul Green's Peer Instruction for Astronomy.
APPENDIX G
In Appendix G, the assessment measuring students' ability to describe the Sun's daily motion versus annual motion is presented. The rubric used to analyze students' responses to the open-ended question on this assessment is also presented.
Use the figure above to answer this question. If you could see the stars during the day, the drawing above shows what the sky would look like at noon on a given day. The Sun is in front of the stars of the constellation Gemini. Which constellation would you expect the Sun to be located in front of when it sets that day?
A. Leo B. Cancer C. Gemini D. Taurus E. Pisces
Explain your reasoning… FIG. 13. Assessment used to measure students' ability to describe the Sun's daily motion versus annual motion. The distributions of students choosing the correct multiple-choice response and attaining the minimum rubric score can be found in Fig. 6 . This question was adapted from the Astronomy Diagnostic Test. FIG . 15 . Assessment used to measure students' ability to predict the phase of the Moon in two weeks given the current time and its current position on the observer's horizon. The distributions of students choosing the correct multiple-choice response and attaining the minimum rubric score can be found in Fig. 8 . This question was adapted from the Center for Astronomy Education exam bank.
